OBJECTIVE: Bayley-III scales are currently used to evaluate outcomes of term infants following hypothermia therapy, while all before reported outcomes in this population have used Bayley-II. Our objectives were to determine the incidence of abnormal neurodevelopmental outcomes using Bayley III and the predictive value of Magnetic resonance imaging (MRI) in infants who received systemic hypothermia. STUDY DESIGN: We conducted a prospective cohort study of inborn infants who underwent hypothermia for moderate/severe neonatal encephalopathy from October 2005-November 2011. RESULT: Eighty newborns underwent hypothermia (incidence of 1/1000). Of the survivors, 89% had Bayley-III performed around 24 months of age. An abnormal outcome using Bayley-III o85 occurred in 50%, while Bayley III o70 occurred in 13%. MRI predicted Bayley III o85 with sensitivity of 73%, specificity of 84%, positive-predictive value of 84% and negative-predictive value of 74%. CONCLUSION: A Bayley-III 85 cutoff identifies a disability rate of 50%, and MRI was predictive of abnormal outcomes. Findings can be useful for counseling of families and planning of future studies using Bayley III.
INTRODUCTION
Perinatal hypoxic-ischemic encephalopathy (HIE) remains a frequent cause of cerebral palsy, mental retardation, learning disability, and epilepsy. 1 Hypothermia therapy for moderate-tosevere HIE has significantly reduced death or disability at 18-24 months of age. [2] [3] [4] [5] [6] [7] Bayley-Scales of Infant and Toddler Development, 2nd edition (Bayley-II) and brain magnetic resonance imaging (MRI), have mostly been utilized for assessing, predicting and counseling about neurodevelopmental outcomes in these infants. [8] [9] [10] The need for standardized assessment of outcomes among survivors of HIE who underwent hypothermia as part of clinical care has been cited as a critical need area by the National Institute of Child Health and Human Development (NICHD). 11 Published clinical neuro-protection trials have used the Bayley-II score of o 70 as part of the criteria for moderate and/or severe disability. [2] [3] [4] [5] [6] [7] In 2006, the Bayley-II was restructured in a new standardized third edition (Bayley-III) to provide distinct scores for cognitive, expressive and receptive language, fine and gross motor function, as well as updated-normative data for the general population. 12 Neonatal follow up programs including ours have recently incorporated the new Bayley-III as the standard for developmental assessments.
The objectives of this study were to (1) assess the neurodevelopmental outcomes of cooled infants using the new Bayley-III scales, and (2) determine the incidence of each of moderate (70-84) vs severe (o 70) developmental delays and the MRIpredictive values of Bayley-III outcomes in a 6 year prospective inborn cohort delivered at Parkland Memorial Hospital (PMH), Dallas, TX, USA.
METHODS
This prospective cohort study included all inborn infants of 36 weeks' gestation and birth weight 1800 g with moderate-to-severe HIE who underwent systemic hypothermia therapy from October 2005 to November 2011 in the neonatal intensive care unit (NICU) at Parkland Memorial Hospital (PMH), a large public tertiary care center with~14 000 births annually. The study was initiated in October 2005 when systemic hypothermia was implemented as standard care for neonatal HIE and the follow-up in 2007 corresponded to the starting time of Bayley-III implementation for assessment of outcomes. The study was approved by the Institutional Review Board of the University of Texas Southwestern Medical Center and waiver of consent was obtained.
Patients
Criteria for systemic hypothermia therapy were perinatal acidemia and moderate or severe HIE based on a standardized-neurological examination. These criteria were identical to those used in the NICHD Neonatal Research Network study of whole-body hypothermia. 4 Perinatal acidemia was determined by sampling of umbilical cord arterial blood that was obtained routinely on all deliveries from double-clamped sections of umbilical cord. The neurological examination consisted of a modified-Sarnat staging 13 done by neonatal faculty who were certified by a gold-standard examiner to perform such evaluation in a standardized manner. Specifically, the physical examination assessed (1) level of consciousness, (2) spontaneous activity, (3) posture, (4) tone, (5) primitive reflexes and (6) autonomic nervous system evaluation of pupils and spontaneous respirations. Infants diagnosed with moderate or severe encephalopathy (neonatal encephalopathy) received hypothermia therapy. Hypothermia was maintained for 72 h and was achieved by placing the newborn on a cooling blanket (Blanketrol II, Cincinnati Sub-Zero) and maintaining the esophageal temperature at 33.5°C by the blanket servomechanism. 1 Brain MRI MRI was performed within 2 weeks of age to depict the pattern and extent of brain injury. Images were acquired after feeding and with swaddling ('bundle and feed'). Sequences included sagittal, axial T1 and axial T2 imaging. The MR studies were interpreted using the NICHD brain injury pattern scale by two experienced-pediatric neuroradiologists who were blinded to clinical outcomes. 14 
Neurodevelopmental follow up
The primary outcome was predefined as a composite of death or moderate-to-severe delays at 24 months of age. Neurodevelopmental testing was performed at Children's Medical Center, Dallas using the Bayley-III at 12, 24 and 36 months of age. The assessments were administered by a trained-pediatric developmental specialist with 11 years of experience, in conjunction with a neurodevelopmental pediatrician with 25 years of experience. Both were blinded to the patients' MR findings and neonatal course and were assisted by a certified-translator-interpreter for nonEnglish speaking subjects. 15, 16 For subjects who underwent serial neurodevelopmental assessments, the BSID-III closest to 24 months was used for this study. A moderate delay was defined by BSID-III 1-2 standard deviation (s.d.) below the normal, that is, lowest composite score of 70-84 in any of the three domains: cognitive, language and motor. Severe delay was defined as any BSID-III-composite score>2 s.d. below the normal, that is, o70 on any of the three-tested domains or a complete inability to assign a score owing to severe mental deficiency or cerebral palsy. 16 
Statistical analysis
Statistical analysis was performed using Sigma Plot 11.0 (SPPSS, Chicago, IL, USA) with results reported in a tabular format as the mean ± s.d., median (25-75%) or number (percentage). One infant who was not testable in a specific domain owing to severe cerebral palsy was analyzed and represented in the severe delay category. Nonparametric analyzes and Fisher's exact test for categorical variables were used when indicated.
The predictive values of MRI in relation to development of the abnormalcomposite outcome of death or developmental delays were calculated using sensitivity, specificity, positive-and negative-predictive values.
RESULTS
During the 6-year-study period, 331 (0.004%) of 86 371 deliveries had perinatal acidosis detected from sampling of the umbilical cord arterial blood. Of these 331 newborns, 90 (27%) had signs of moderate-to-severe HIE on neurological examination and received systemic hypothermia therapy at a median age of 5 ± 1 h. Hypothermia was maintained for 72 h with the lowest and highest mean esophageal temperatures being 32.5 ± 0.6°C and 33.9 ± 0.5°C, respectively. None of the infants had temperature above 37°C following cessation of cooling.
Maternal and infant characteristics of this inborn, largely Hispanic cohort are summarized in Table 1 . Moderate encephalopathy was present in 80 (89%) newborns, while severe encephalopathy occurred in 10 (11%). Intrapartum complications were frequent, with meconium exposure in 44%, maternal chorioamnionitis in 29% and placental abruption in 9% of deliveries.
Morbidities in the NICU included pulmonary hypertension with receipt of nitric oxide therapy in 13 (14%) and subcutaneous-fat necrosis in 2 (2%) neonates. Ten (11%) infants in total died; all occurred in the 1 week of age following withdrawal of care. Of the 80 survivors, 70 (88%) have attained target follow up age needed for Bayley testing (Figure 1 ).
Bayley-III at 24 months
Of the 70 survivors, 62 (89%) of children had neurodevelopmentaloutcomes testing at a mean ± s.d. age of 20 ± 2.9 months ( Table 2) . Thirty-one (50%) children had normal Bayley-III scores of >85 in all domains (cognitive, language and motor). Twenty-three (37%) children had scores of 70-84 on any one of the three domains, while an additional eight (13%) had scores of o 70 indicative of severe delays. A primary outcome of combined death/developmental delays occurred in 41 (51%) where 10 died and 31 had abnormal Bayley-III in the complete cohort of 80 patients. Infants assessed by clinical examination to have severe neonatal encephalopathy as compared with moderate neonatal encephalopathy had significantly more (P = 0.04) developmental delays, which occurred in 25 (46%) in moderate vs 6 in severe neonatal encephalopathy (86%).
Outcome predictions with brain MRI All 62 surviving infants who had Bayley-III testing had a brain MRI performed at a median age of 8 days (range, 4-14 days). Additionally, 5 of the 10 infants who died had an MRI performed Figure 1 . Flow chart of patient population.
Outcomes using Bayley-III following hypothermia therapy before their death and were included. Table 3 describes the NICHD MRI scoring classification and associated outcomes at 18-24 months in 67 infants. MRI was normal in 35 (52%) infants, of which 74% had normal outcomes. All infants with MRI scores of ⩾ 2 indicative of basal ganglia injury or watershed infarction with cerebral devastation had concomitant cognitive and motor delays with a specificity of 100% confidence interval (90-100%) and a positive-predictive value of 100% confidence interval (68-100%). A low injury score on MRI such as 1a and 1b was also associated with delays in 12/17 (70%) of the infants. Such delays were mostly moderate in nature and included in all patients with a score of 70-85 in both cognitive and language domains, except for one infant who had severe delays o 70 in all three domains.
The predictive values of any MRI abnormalities (score ⩾ 1) for having any disability using a Bayley-III cutoff o 85 at 18-24 months demonstrated a sensitivity with 95% confidence interval of 73% (63-83%), specificity of 84% (70-90%), positive-predictive value of 84% (71-93%) and negative-predictive value of 74% (62-82%). The calculated positive-likelihood ratio was 5; confidence interval (2, 12) .
DISCUSSION
In this prospective cohort-inborn population study, the incidence of moderate-to-severe HIE treated with hypothermia therapy was 1/1000 and 50% of these children had abnormal Bayley-III outcomes using 85 as a cutoff value, while only 13% of cooled survivors had abnormal outcomes when a cutoff value of 70 was used.
The observed rate of severe delays using Bayley III in this study is considerably less than the published literature using Bayley II. [2] [3] [4] [5] [6] [7] For instance, The NICHD Neonatal Research Network's randomized trial of hypothermia, which used a similar cooling protocol has reported the rate twice in the current study with a Mental-Developmental Index or Psychomotor-Developmental Indexo 70 in 27%. 4 A recent cohort from UK also reported the same phenomena of fewer children classified with severe delay using the Bayley-III than the Bayley-II 17 in infants with neonatal encephalopathy who were cooled using different criteria fromTotal Body Hypothermia (TOBY) trial. Our patient population is different from other published studies in that it is comprised of 83% Hispanic population, in contrast with the NICHD trial, which had more equal distribution of white, black and other races. We also have a higher proportion of infants with moderate encephalopathy and fewer infants with severe encephalopathy in this cohort.
The fact remains that the possibility of underestimating disabilities when using the Bayley-III does not appear specific to a particular population or group since it has also been reported in outcome studies of other populations such as preterm infants [18] [19] [20] and children with cardiac lesions. 21 The differences observed are therefore more likely related to the inherent structure of the Bayley-III examination which was developed in 2006 to allow for separate scores of cognitive, language, motor domains, receptive and expressive communication. The Bayley-technical manual reports~7 point lower difference when comparing Bayley-II vs III for each of the Mental-Developmental Index vs the Composite-Cognitive Score Score 0 (n = 35) 26 (74%) 7 (20%) 2 (6%) Score 1a (n = 5) 1 (20%) 4 (80%) 0 (0%) Score 1b (n = 12) 4 (33%) 7 (58%) 1 (8%) Score 2a (n = 4) 0 2 (50%) 2 (50%) Score 2b (n = 7) 0 2 (28%) 5 (72%) Score 3 (n = 4) 0 1 (25%) 3 (75%)
Minimal cerebral lesions only with no involvement of basal ganglia (BG) or thalamus or anterior limb of the internal capsule or posterior limb and no infarction 1B
More extensive cerebral lesions (>2) without BG or watershed infarction 2A Any BG, anterior or posterior limb of the internal capsule involvement 2B BG, anterior or posterior limb of the internal capsule involvement, watershed and cerebral lesions 3
Cerebral hemispheric devastation Five of the infants, who died, whose MRI were available were included in the severe delays category. and the Psychomotor-Developmental Index vs the Motor-Composite Score, respectively. 12 The inherent differences between the two versions preclude direct comparisons. Previously published trials for neonatal encephalopathy [2] [3] [4] [5] [6] [7] have used the Bayley-II Developmental Index scores of o70, which incorporates both cognitive and language items, while Bayley-III Cognitive Composite only includes the former; and have used Psychomotor-Developmental Index o70, which comprises both gross-and finemotor items as does the Bayley-III Motor Composite. When we analyzed the data using a Bayley III cutoff of o 85 in any one of the three domains, we found a 50% rate of death/disability in the overall cohort, which are closer to that of the published literature used in prognosis and counseling of families. MRI is a recognized-surrogate marker of outcome in neonatal HIE 10 and the basal ganglia/thalamic and watershed injury patterns represent the hallmark of HIE injury. 22, 23 Hypothermia has reduced the incidence and severity of brain injury while preserving the overall-predictive value of MRI as a marker of death or disability. 24 However, correlations with Bayley-III scores have not been published to date. We used the NICHD MRI classification to assess the predictive values of MRI for abnormal Bayley-III outcomes and found high-MRI brain injury scores, for example, 2a, 2b and 3 to be 100% predictive of abnormal outcomes. Findings are consistent with Shankaran et al 14 who reported a twofold increase in odds of death or disability with an increase in the MRI severity. An unexpected finding in the current study was that even low scores, that is, 1a and b showing evidence of focal white matter injury, were associated with cognitive deficits at 24 months of age in about two thirds of patients.
The current study findings, if replicated, would raise clinical concerns that these subtle MRI lesions that could escape detection especially by radiologists not skilled in the interpretation of these studies, may be associated with worse prognosis. It is also possible that conventional imaging may not be sensitive to injury, and that more advanced-imaging and -diffusion studies are needed to detect subtle white matter injury and improve our abilities to predict higher-mental functions such as language and cognition.
Major strengths of the study are: a) the long standing follow-up clinic with the ability to provide serial-Bayley testing, as well as over 85% follow up rates at 24 months of age; b) a large patient population; and adherence to strict cooling protocols based on screening neurological examination performed by a certified neonatologist.
One of the main study limitations is that it did not control for maternal education, socio-economic status and the home environment after NICU discharge. Since our study population is predominantly Hispanic and inborn, the study findings of high incidence of white matter injury in association with abnormaldevelopmental outcomes will need to be replicated in other settings. Whether above findings are related to Bayley IIIunderestimating or Bayley II-overestimating disability cannot be extrapolated from this study. The study is focused by design on Bayley-III, and did not include cerebral palsy, deafness or blindness and should only be interpreted accordingly. The optimal cutoff values that best differentiate between mild, moderate and severe disability either in terms of current functioning or prediction of later function are still not established. Regardless of the ranges used, it should be noted that each level represents a spectrum of impairment, or conversely, functional ability.
CONCLUSIONS
Study findings are relevant to counseling families in the era of Bayley III and suggest using a cutoff value of 85 for early interventions referral and planning of future-neuroprotective trials. The high incidence of isolated-white matter injury in this study and its association with cognitive deficits at 24 months of age merits further evaluations in larger groups of patients.
